Determining the absolute stereochemistry of organic compounds in solution remains a challenge. We investigated the use of Raman optical activity (ROA) spectroscopy to address this problem. The absolute configurations of (+)-(R)-and (-)-(S)-limonene were determined by ROA spectroscopy, which can be applied to smaller amounts of sample as compared with vibrational circular dichroism (VCD) spectroscopy. This ROA method was also applied to (+)-(E)--santalol and shown to be successful in the determination of the absolute configuration of this compound. ROA spectroscopy shows promise as a useful tool for determining the absolute stereochemistry of many natural compounds.
Chirality is an important factor affecting the bioactivity of organic compounds. For example, the odor characteristics of fragrance compounds depend on their stereochemistry. Thus, it is crucial to determine the absolute configuration of chiral odor compounds. X-ray crystallographic analysis is a useful and powerful method for determining the stereochemistry of crystalline organic compounds. This method, together with other reported methods, has been used to determine the stereochemistry of some compounds, but is limited to the analysis of solids. However, determining the absolute configuration of organic compounds in liquid phase is difficult, and this is where a modified Mosher's method becomes useful. The success of Mosher's method depends on being able to create steric interactions with a chiral derivatizing agent, and incorrect results are sometimes obtained [1] .
Vibrational circular dichroism (VCD) spectroscopy has progressed considerably in recent years [2] . A combination of experimental and theoretical VCD studies is useful and convenient for reliably determining the absolute configuration of chiral molecules [3, 4] . For natural products in particular, a remaining difficulty is acquiring clear spectra because the amounts of these compounds are generally small. Recently, Raman optical activity (ROA) spectroscopy has been reported to be useful for determining the absolute configuration of chiral molecules in solution [5] . Generally, Raman spectroscopy, as compared with infrared spectroscopy, is useful for analyzing compounds available in only small quantities. In this study, we demonstrate the usefulness of ROA spectroscopy for determining the absolute configurations of (R)-(+)-limonene, (S)-()-limonene, and (E)-(+)--santalol.
We measured the VCD spectra of (R)-(+)-limonene and (S)-()limonene and compared them with the spectra calculated at the B3LYP/6-311+G** level of density functional theory. The results are summarized in Figure 1 . The observed spectra (Figures 1(a) and 1(c)) showed good agreement with the theoretically calculated spectra (Figures 1(b) and 1(d) ). By using a similar procedure, the absolute configuration of the limonenes was also investigated by ROA spectroscopy. The calculated and observed ROA spectra of the limonenes had similar shapes (Figure 2) . These results suggest that the VCD and ROA methods can be used to determine the absolute configuration of optically active compounds with high reliability.
Next, we investigated the absolute configuration of (E)-(+)-αsantalol by the combination of ROA spectroscopy and theoretical calculation. α-Santalol is one of the main odor constituents of sandalwood.
As shown in Figure 3 , the structure of (E)-(+)-α-santalol is composed of a rigid bicyclic unit (A) and a flexible side chain (B). The flexibility of B is due to the rotations around the C2-C3, C3-C4, C5-C6 and C6-O bonds (Figure 3 ). Among the rotations around these four bonds, we consider the rotations around the C2-C3 and C6-O bonds tentatively, because the rotation around the C2-C3 bond most affect the energies of the optimized structures and that around the C6-O bond occurs most easily. Then, the compound has nine possible major conformers.
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For these nine conformers, structural optimization was performed at the B3LYP/6-31G* level. The calculated energies are summarized in Table 1 . The most stable conformation of (E)-(+)-α-santalol is Tg-.
We found that three conformers, namely, Tg-, Tg+, and Tt, accounted for about 97% of the population of these nine possible conformers.
The Raman and ROA spectra were calculated at the B3LYP/6-311+G** level for the stable conformers of Tg-, Tg+, and Tt, and then, the theoretical spectrum was calculated by summing the spectra of the three stable conformers according to the populations shown in Table 1 . The obtained theoretical Raman and ROA spectra of (E)-(+)-α-santalol were compared with the observed Raman and ROA spectra. The observed spectra (Figures 4(b) and 4(d) ) showed good agreement with the theoretical spectra (Figures 4(a) and 4(c) ). Therefore, we could clearly determine the absolute stereochemistry of (E)-(+)-α-santalol to be (2'R,6'S,7'R)-(E)-(+)-α-santalol by ROA spectroscopy.
Many types of terpenoids, especially monoterpenes and sesquiterpenes, with chiral centers are known. These compounds are important in fragrance, medicinal, and food chemistry. However, most of these compounds are liquids, and so evaluating their absolute configuration is difficult. ROA spectroscopy should be useful in solving this problem. 
